Abstract: In this paper, a high-temperature fiber sensor based on an optical fiber FabryPerot interferometer is fabricated by splicing a section of simplified hollow-core fiber between two single-mode fibers (SMFs) and cleaving one of the two SMFs to a certain length. With the superposition of three beams of light reflected from two splicing joints and end face of the cleaved SMF, the modified Vernier effect will be generated in the proposed structure and improve the sensitivity of temperature measurement. The envelope of spectrum reflected from the proposed sensor head is modulated by the ambient temperature of the sensor head. By monitoring and measuring the shift of spectrum envelope, the measurement of environment temperature is carried out experimentally, and high temperature sensitivity of 1.019 nm= C for the envelope of the reflected spectrum was obtained. A temperature measurement as high as 1050 C has been achieved with excellent repeatability.
Introduction
Over the past few decades, the fiber-optic Fabry-Perot interferometer (FPI) has been widely studied in physical, chemical, and biological parameter measurements, including temperature, strain, and refractive index for its outstanding advantages of simple and compact structure, light weight, and immunity to electromagnetic interference. With rapid developments in the industry that needs to acquire high temperature information accurately, such as the aviation, automobile, petroleum chemical, and nuclear industries, the fiber-optic FPI based high temperature sensors have attracted increasing attention in research efforts to satisfy the demand in industrial applications. Therefore, various fiber-optic-based FPI configurations have been proposed to measure high temperature such as diaphragm-based configurations [1] , [2] ; chemical etching-based configurations [3] , [4] ; micromachining-based configurations [5] , [6] ; photonic crystal fiber (PCF)-based configurations [7] - [9] ; etc. However, the fiber-optic FPI configurations based on diaphragm, chemical etching, and micromachining need either expensive equipments or complex procedures in the fabrication process. The fiber-optic FPI configurations based on PCF for applications in high temperature measurements are simple and only involve fiber-optic cleaving and splicing during manufacture but have relatively low sensitivity at tens of picometers per degree centigrade.
Recently, the fiber sensor based on two cascaded FPIs with two slightly different free spectral ranges (FSRs) utilizing the Vernier effect to significant improve the measurement sensitivity of axial strain and magnetic field was reported [10] . However, this fiber structure cannot be used to measure temperature with Vernier effect due to the cascaded FPIs having same response to temperature. In 2008, a fiber-optic FPI configuration based on a hollow optical fiber spliced between a PCF and a single mode fiber (SMF) was proposed [11] . The high temperature-response characteristic of sensor was analyzed in the spatial frequency through the fast Fourier transform (FFT) of reflective spectrum. The same year, Rao et al. fabricated a fiberoptic FPI sensor by splicing endlessly single-mode PCF between two SMFs [12] . A cavitylength-temperature sensitivity of 4.16 nm= C was attained for a temperature range from 20 to 100 C. In these two fiber structures, two fiber-optic FPIs with two different cavity materials were formed by three beams of light reflected from the proposed sensor head, and their responses to temperature are also obviously different. Therefore, this fiber structure has the potential to measure temperature with Vernier effect. Obviously, these works did not employ the Vernier effect observed in wavelength spectrum to sense temperature at all due to the great optical path distance (OPD) difference between endlessly single-mode PCF/hollow optical fiber and the cleaved SMF. The work reported in [13] have utilized the hollow core PCF capped by a hollow sphere with thin silica wall to measure high temperature and achieve Vernier effect, of which envelope shift sensitivity was improved from 1.349 pm= C for high-frequency oscillation fringes to 17.064 pm= C, but it did not take advantage of the quantitative relation of cavity length to improve the sensitivity of temperature measurement significantly and the repeatability of sensor was also poor due to the hollow sphere with a thin silica wall fabricated by fusion splicer.
In this paper, we report and demonstrate a FPI-based high temperature fiber-optic sensor fabricated by splicing two single mode fibers (SMFs) to both ends of a section of simplified hollowcore fiber (SHCF) with a certain length and cleaving one of two SMFs to a designed length. The use of SHCF will increase the power reflection coefficients at the splicing points compared with the use of solid core PCF due to the larger refractive index difference. Unlike the reported work employing two periodic spectra from two fiber-optic FPIs [10] with slightly different FSRs or four beams of light reflected from the sensor head [13] to generate Vernier effect, our work only employ three beams of light reflected from two splicing joints and the cleaved SMF end face to achieve similar effect, called the modified Vernier effect, and significantly improve the sensitivity of high temperature measurement when OPD of SHCF is close to that of the cleaved SMF by choosing the suitable length of SHCF and the cleaved SMF. Therefore, our work employs more compact fiber structure than previous to achieve Vernier effect. The sensing principle of the proposed sensor head is described and a theoretical model is developed. The reflection spectrum from the proposed sensor is affected by the ambient temperature of the sensor head. It has been experimentally demonstrated to measure high temperature up to 1050 C. Through tracing the envelope of spectrum reflected from the proposed sensor head, we can obtain the information of ambient temperature. The largest sensitivity of high temperature measurement we obtained is 1.019 nm= C, which is two orders of magnitude higher than the result reported in [13] .
Compared with the work reported in [13] , our fiber structure makes use of the SMF instead of the hollow sphere with thin silica wall at one end of SHCF which is fabricated with multiple discharging, and therefore, it has a better repeatability.
Sensor Structure and Operation Principle
The configuration of the SHCF-based FPI fiber-optic sensor head is shown in Fig. 1(a) . The cross section of SHCF, which is shown in Fig. 1(b) , is fabricated by Yangtze Optical Fiber and Cable Company Ltd. The SHCF has an air core surrounded by a ring of thin silica wall. Light can be guided in the air core due to the antiresonance between the core mode and the modes of the inner silica wall [14] . To implement the sensor head, one end of the SHCF is spliced to a section of leading SMF, while the other end is capped with another section of SMF in order to form the FPI. The two splicing joints between SHCF and SMF and the SMF end face, which is labeled as mirrors 1-3, act as the reflecting mirrors forming FPI cavities. Mirrors 1 and 2 form a FP cavity 1 with a length of L 1 , while mirrors 2 and 3 form a FP cavity 2, whose OPD is close to FP cavity 1, with a length of L 2 . The power reflection coefficients at mirrors 1-3 are R 1 , R 2 , and R 3 , respectively, which are defined by the following equations:
where n SHCF and n SMF are the effective refractive indices of cavity 1 and 2, respectively, and n air represents the refractive index of air. When the light from broadband source (BBS) is injected into the proposed sensor head through the leading SMF, three beams of light will be reflected from the three mirrors, respectively. Although more than just two mirrors are present in the configuration, due to low reflectivity at the reflective mirrors and large coupling loss between SHCF and SMF due to the mode field mismatch between them [10] , the multiple reflection model of the electric fields of the sensor is derived with 2-beam approximation and illustrated in Fig. 2 [12] , [13] , where the =2 phase change induced by the mirrors is ignored here. The total electric field reflected from the proposed sensor head E r is given approximately by the sum of all reflected electric fields from the three mirrors:
where E o is the input electric field, 1 and 2 are the transmission loss at mirrors 1 and 2, and 1 and 2 are the phase shift in the cavity 1 and 2, which are defined by
The interference spectrum reflected from the proposed sensor can be described by the square modulus of the intensity ratio of the reflected electric field to the incident electric field and expressed as [12] 
When the OPD of cavity 1, n SHCF L 1 , is close to that of cavity 2, n SMF L 2 , but not equal by choosing the suitable cavity length L 1 and L 2 , we can get the periodically reflected spectrum, as shown in Fig. 3(c) . It is obvious that the reflected spectrum shows periodic envelope which consists of dips or peaks with different amplitudes as shown by the red curve in Fig. 3(c) . When ambient temperature of sensor head increases, the envelope of spectrum reflected from the sensor head shifts to the longer wavelength, which can be explained by the modified Vernier effect. Because the reflected interference spectrum is equal to the square modulus of the intensity ratio of the reflected electric field to the incident electric field, the modified Vernier effect and the shift of reflected spectrum envelope can be conveniently understood through analyzing electric field ratio instead of reflected interference spectrum.
Because the ratio between electric field reflected from mirror 1 and incident electric field is constant, it is not impacting the superimposed waveform. Therefore, when explaining the modified Vernier principle, we only focused on the reflected electric field from mirrors 2 and 3 but not considered electric field reflected from mirror 1 for convenience. In order to intuitively describe the modified Vernier principle, the ratio between reflected electric field from mirrors 2 and 3 and incident electric field, which are labeled by E R and E S , are plotted in Fig. 3(a) and (b), respectively. In our design, n SHCF L 1 is little smaller than n SMF L 2 . Consequently, the FSR of E R , Á FSR R , is slightly more than twice FSR of E S , 2Á FSR S . Fig. 3(c) shows the total reflected electric field E C which equals to the sum of E R and E S . The maximal dip of E C is located at the mutual resonant wavelength of E R and E S . Due to the slight difference between Á FSR R and 2Á FSR S , the wavelength distance between resonant wavelength of E R and its nearest resonant wavelength of E S will be different. Therefore, the dips of E C will have the different amplitude, and then compose the periodical envelope of reflected spectrum from the proposed sensor head.
When the ambient temperature increases, i ; i ¼ 1; 2 will increase due to the thermo-optic effect and thermal expansion of SHCF and SMF. Consequently, the resonant wavelength of E R and E S will shift, and the shift can be expressed as
and
respectively. From [11] , we can clearly see that the Á R can be ignored. Therefore, Á R is approximately equals to zero and Á S can be simplified as
where @n SMF =@T and @L 2 =@T are the thermo-optical coefficient and linear thermal expansion coefficient of SMF, respectively. From the above-mentioned analysis, we can easily see that E R is unchanged, while E S shifts to the longer wavelength with the increasing ambient temperature due to the positive thermo-optical coefficient and linear thermal expansion coefficient of SMF. As a consequence, the envelope of E C has a red shift. When the shift in the resonant wavelength of E S , Á S , is Á FSR R À 2Á FSR S due to the increase of ambient temperature, the shift in envelope of E C is Á FSR R . Therefore, through tracing shift in envelope of E C , the value of wavelength shift is magnified by a amplification factor comparing to tracing shift in E S , and the amplification factor M is given by
Hence, the sensitivity of temperature measurement is magnified by M times. The difference Á FSR R À 2Á FSR S not only effects the amplification factor but also determines the FSR of E C by
By combining (8) and (9), temperature measurement range of the present sensor for reflected spectrum envelope, T range , could be obtained by
which is independent of the value of Á FSR R À 2Á FSR S . From ð8Þ and ð10Þ, one sees the sensitivity of the present optical sensor can be improved easily by choosing a smaller difference between Á FSR R and 2Á FSR S but not affect the temperature measurement range of this fiber sensor.
Sensor Implementation, Experimental Results and Discussions

Sensor Implementation
In order to get higher extinction ratio, we should not only avoid SHCF air hole collapse, which will induce the coupling loss due to the destruction of light-guiding condition of the SHCF near the joint, but also keep SMF end face smooth during the splicing process. To achieve this objective, the fusion power and fusion time must be kept weaker and shorter. In addition, due to the existence of air holes in SHCF, the melting temperature of SHCF is lower than that of SMF. Therefore, the other way is to introduce a suitable offset between the joint and the central axis of the arc discharge, which ensures a smaller amount of heat being applied to the tip of SHCF, as compared to the tip of SMF.
In the fabrication process, an optical spectrum analyzer (OSA) was used to monitor the interference spectrum of the fabricated sensor. To implement the sensor head, at first, the SHCF was cleaved and spliced with the leading SMF and then cleaved to a certain length. After that, another section of SMF was spliced at the other end of the cleaved SHCF in succession, and cleaved again to have close OPD with SHCF. The fusion splicing was performed with a commercial fusion splicer (FITEL S153A). In the process of splicing, a manual splicing program with optimal splicing parameters was used, e.g., the arc-fusion current of 20, fuse time of 400 ms, offset from the central axis of the arc discharge of 25 m. The unit of arc-fusion current was not given; however, the arc-fusion current used in standard SMF fusion splicing (100) is given by the machine as a reference. The other parameters used in the manual splicing program are the same as the standard SMF fusion splicing program. Therefore, the splice between SMF and SHCF was made with minimal air hole collapse and the sensor head was fabricated with high extinction ratio. With these parameters, the fabrication of sensor head with high extinction ratio is repeatable.
As mentioned above, the OPD of SHCF must be close to that of the cleaved SMF. However, the effective refractive indices of cavity should be determined prior to the cavity length. The commercial software COMSOL Multiphysics was used to calculate the effective refractive index of the fundamental mode of the SHCF. Because of the higher order modes exhibiting higher propagation loss, the effective refractive index of the fundamental mode of SHCF was used as the effective refractive index of cavity 1, which is found to be 0.998847, and the effective refractive index of cavity 2 was assumed as 1.45. The smaller the FSR of FPI as well as the longer cavity length of FPI, the easier the recognition of maximal dip of E C . Therefore, on the premise of getting high extinction ratio, the longer cavity length was chose. Finally, the length of the SHCF we choose is 4.8 mm. According to the effective refractive indices of cavity 1 and 2 and OPD relationship between cavity 1 and 2, the calculated length of the cleaved SMF is about 3.31 mm. To get the desired cleaving length accurately, a specially designed microtranslation stage system was used.
Simulations
According to the FSR of recorded reflective spectrum and the effective reflective indices of cavity 1 and 2, cavity lengths L 1 and L 2 are estimated as 4806 m and 3360.71 m, respectively. Although the power reflection coefficients can be calculated by (1), the actual power reflection coefficients at each mirror are smaller than the theoretical value due to the defect existing in every SMF end surface caused by manual cleaving using cleaver and applied heat during the splicing process, which are estimated as 0.02, respectively, according to the extinction ratio of reflected spectra. Using (4), the reflected interference spectrum is calculated with the parameters as follows:
n SHCF ¼ 0:998847, 1 ¼ 0:51, and 2 ¼ 0:4. Fig. 4(a) shows the simulated reflected interference spectrum from the sensor head. Fig. 4(b) shows the actual measured spectrum reflected from the sensor head under 500 C. It is obvious that the simulated result and experimental result agree very well. The FSR of the high-frequency oscillation resulting from the cavity 1 is about 0.25 nm. The FSR of the envelope oscillation which is caused by the superposition of three beams of light reflected from the three mirrors is about 17 nm. According to (9) , the FSR of the envelope we calculated is 16.6 nm, which is in agreement with experimental data. Through the (8), the amplification factor is also calculated as 133.297. Therefore, the proposed fiber structure could increase the high temperature sensitivity by two orders of magnitude.
Temperature Measurement
The experimental setup, as shown in Fig. 1(a) , consists of a BBS with 100 nm bandwidth as the light source, a high-temperature tube furnace (resolution AE1 C), which is fabricated by Hefeike Jing Materials Technology Co. Ltd., and can heat up to 1100 C, for temperature control, and an OSA (AQ6370C, Yokogawa, Japan) for measurement of spectrum reflected from the sensor head. Before measurement, the sensor is annealed in the furnace by increasing the temperature to 1000 C and then cooling down to room temperature. After the above treatment, the interference pattern is still visible and exists in the detected spectrum.
Due to the large sensitivity of high temperature measurement for envelope of spectrum reflected from the sensor head and the limited FSR of E C , the high temperature performance of the sensor was tested under different high temperature range from 250 to 300 C, 500 to 550 C, 750 to 800 C, and 1000 to 1050 C, respectively. During the test, the sensor was put into a hightemperature tube furnace for temperature measurement, whereafter, the furnace is first heated to a start point of different temperature ranges directly from room temperature, then gradually heated with a step of 5 C, and stays for 8 mins at each step before the spectra are recorded. The measurement spectra under temperature from 510 to 535 C are shown in Fig. 5 . The envelope of the measured spectrum exhibits clear red shifts with increasing temperature, as shown by red arrow in Fig. 5 , and this is mainly caused by the thermal expansion and thermaloptic properties of SMF, which are in accordance with the aforementioned theoretical analysis. From the Fig. 5 , we can also clearly know that the extinction ratio of lower interference spectrum envelope is larger than that of upper interference spectrum envelope and independent of temperature. In addition, the peaks of lower interference spectrum envelope are sharper than its dips. Therefore, the peaks of lower envelope are chosen as the indicator of temperature sensing for the sake of easy identification. The wavelength shifts in peak of lower envelope are tracked for temperature measurement. The results are plotted and linearly curve-fitted in Fig. 6 . The highest temperature sensitivity is 1.019 nm= C for the envelope under temperature range from 250 to 300 C. The wavelength shifts show good linearity with temperature. From [15] , the high temperature sensitivity of about 8 pm= C was obtained through tracing the shift in resonance wavelength of single fiber-optic FPI whose cavity material is standard SMF. Therefore, the amplification factor of our sensor system obtained through the experimental data is about 127.375, which is close to the theoretical value $133.297. In addition, it is obvious that the sensitivity reduces with the increasing temperature. This is mainly caused by the increasing n 2 L 2 induced by the increase of temperature. So, the value of Á FSR R À 2Á FSR S will increase, while the value of M will reduce. Through the measured sensitivity and the FSR of reflected spectrum envelope, the dynamic range of the high temperature measurement is about 17 C if we trace the wavelength shift in just one FSR. We also tested the temperature response to room temperature and the cooling performance at room temperature as shown in Fig. 7 . The furnace is cooled down following a process similar to the heating round. The sensitivity of room temperature measurement of 0.81665 nm= C is obtained. It is clear that the sensitivity at room temperature is smaller than that at high temperature. The smaller change of phase shift in SMF contributes to the lower sensitivity under room temperature measurement [11] . From Fig. 7 , we also found that the reflection spectra during cooling process coincide with the reflection spectra during heating process. The repeatability of the proposed sensor was also tested under different temperature range, as shown in Fig. 8 . The first measurement data is coincident with the second measurement data very well. The sensitivity of this high temperature fiber sensor can be easily improved by reducing OPD difference between cavity 1 and 2 further. It can be easily implemented with the help of more accurate measurement system and cleaving system. From (10), one could know the temperature measurement range of the proposed sensor can be improved through increasing Á FSR S as well as reducing the length of cavity 1 and 2. However, the identification of peak wavelength of lower envelope will be more difficult when Á FSR S increase. Therefore, choosing the suitable cavity length requires trade-off between them. To identify peak wavelength of lower envelope easily, we can further increases the extinction ratio of lower envelope through choosing the suitable hollow-core PCF with a mode field matched with SMF.
Conclusion
In summary, we have presented the fabrication and characterization of SHCF-based fiber-optic FPI sensor for high temperature sensing application. The FPI is formed by splicing a section of SHCF to the leading SMF, then splicing a segment of SMF, whose OPD is close to the SHCF, to the other end of SHCF. It employ three beams of light reflected from two splicing joints and the cleaved SMF end face to achieve modified Vernier effect and significantly improve the temperature sensitivity. In our temperature test, the surrounding temperature variation is monitored by detecting the wavelength shift of the spectrum envelope induced by the thermo-optic effect and thermal expansion of SMF using OSA. The fiber sensor can be operated in the temperature measurement range from 20 to 1050 C. Experimental results exhibited the largest sensitivity of 1.019 nm= C within a measurement range from 250 to 300 C. The proposed FPI is compact in size, high sensitivity, and cost-effective, which makes it a promising candidate for high temperature sensing application in harsh environments.
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